The fracture and damage behaviors of ceramic coating/alloy substrate systems under four-point bending were investigated using a scanning electron microscope to observe in situ tests. Both the thin and thick coatings fractured by tensile instability at the pure bending sections, and multiple transverse cracks that were vertical to the interface occurred in the coatings. The average crack spacing was greater for the thick coatings than for the thin ones. A catastrophic failure model was developed to explain the damage evolution behavior of the coatings. The damage was found to increase sharply near the failure point.
Introduction
Thermal barrier coatings (TBC) with low thermal conductivity provide excellent thermal protection and wear resistance, and have been widely used in aircraft and blades of gas turbines to protect alloy substrates from the high-temperature environment. [1] [2] [3] [4] [5] [6] Under service conditions, once spallation of the TBC occurs, the substrate becomes exposed to the high-temperature environment, and operation becomes impossible. Therefore, investigating the fracture mechanism and damage evolution behavior of TBC systems (or environmental barrier coatings and other coating systems) is important. Recent studies have shown that the typical failure modes of TBC or other coating systems include transverse cracking (perpendicular to the interface) in the ceramic top coat and delamination of the interface between the top coat and bond coat or between the bond coat and substrate after mechanical (i.e., tension and bending) [7] [8] [9] [10] [11] [12] [13] [14] [15] and thermal loadings. [16] [17] [18] [19] [20] The fracture modes are usually not independent of each other. In particular, delamination of the interface due to a mismatch of mechanical and thermal properties greatly affects the lifetime of a TBC system. The mechanism of interface delamination of thermal barrier coatings, 21 and the cracking mode and influence factors have been modeled based on the energy release rate. 22 A numerical lifetime model on durability of thermal barrier coatings was developed based on the fracture mechanical analysis and stress evolution calculation. 23 Some researchers have studied the failure mechanism of TBC systems through tension, 7 three-point bending, [8] [9] [10] four-point bending tests, [11] [12] [13] [14] [15] thermal shock, 16, 20 thermal oxidation, 17 etc. For example, Chen et al. found that the bond coat processing method affects the interface delamination position. 7 Li et al. found two failure modes of TBC systems after three-point bending tests: thin coating systems are mainly dominated by transverse cracking in the ceramic coats, and thick coating systems are mainly dominated by the interface delamination between the coat and substrate. 10 Zhou et al. studied the crack propagation process of TBC systems during four-point bending tests.
14 However, the effect of the coating thickness on the fracture modes of a TBC system after a fourpoint bending test has not been reported. In fact, the failure modes of the TBC systems depend on many factors, such as the processing method, coating thickness, and loading and heat treatment conditions. Some researchers have also studied the damage evolution of TBC systems in detail in tension or bending tests.
14,24-26 Qian et al. studied the damage evolution behavior of sandwiched TBC specimens during the tension test and proposed a damage mode involving the initiation, multiplication, and saturation of transverse cracks with the applied strain. 24 Mao et al. studied the crack propagation of the TBC under high-temperature tensile conditions; 25 they observed the change in the number of transverse cracks with the tensile strain and found a damage evolution rule similar to that previously reported.
14, 24 Appleby et al. also studied real-time damage evaluations of environment barrier coatings under thermal-mechanical loading. 26 Saucedo-Mora et al. developed a multiscale finite element model to describe damage evolution in a thermal barrier coating. 27 Although the crack evolution has been studied statistically, a quantitative damage model of TBC systems is desired. Recently, a brittle damage model to describe the damage evolution behavior of TBC systems under three-point bending was developed, 28 and TBC systems with different coating thicknesses and microstructures were found to obey the same power law as the catastrophic failure characteristics of the bulk brittle materials. [29] [30] [31] There is still a question regarding the damage rule for TBC systems under four-point bending in a pure bending case. Therefore, determining the dependence of the damage rule on the loading condition and stress state is important.
In this study, in situ four-point bending tests were performed and observed with a scanning electron microscope (SEM) to determine the fracture and damage evolution behavior of two kinds of TBC systems with different coating thicknesses in the pure bending sections. The thickness-dependent fracture characteristics were studied by observing the crack propagation and average crack spacing. The damage evolution behavior of the coatings was studied by observing the transverse crack evolution with the applied tensile stress, and the experimental results were compared with the catastrophic failure model to discover the damage rule.
Experimental Procedure
Well-polished and sand-blasted Ni-based super alloys with a thickness of 1.2 mm were used as the substrate materials. The thickness of the substrate was uniform for different TBC systems. NiCrAlY alloys were deposited on the substrates by air plasma spraying to form the bond coats with a thickness of approximate 10 lm. Then, 8 wt% Y 2 O 3 -stabilized ZrO 2 ceramics (YSZ) were deposited on the NiCrAlY alloys by air plasma spraying to form the ceramic top coats. The detailed preparation process is given in our previous work. [32] [33] [34] Two kinds of coatings with thicknesses of about 100 and 400 lm were prepared. Figure 1 shows the dimensions of the specimens. The length of the samples was 30 mm. The distance between the support and loading points is denoted by l , and the length of the pure bending section is denoted by l 0 ; both l and l 0 were 8 mm in this experiment. The thickness of the coatings (including the top and bond coats), thickness of the substrate, and width of the specimens are represented by h c , h s , and b, respectively; h s is 1.2 mm. Table I lists the coating thicknesses and widths of the specimens. ξ is the distance between the interface and neutral plane of the systems.
In situ four-point bending tests were performed at room temperature and a constant loading rate of 0.1 mm/min. The load and displacement were controlled by the testing machine (Gatan Microtest 2000; Gatan, Pleasanton, CA). The load was applied to the bottom surface of the alloy substrates so that the coatings were in the tensile stress state. Figure 2 shows the polished section of a representative specimen. The TBC system is clearly a laminated structure with many pores and microcracks distributed randomly in the top and bond coats. The crack behavior of the specimens in the polished sections was observed in real time with the SEM. The experiment was interrupted at a series of different loading levels to take photos of the whole pure bending section of the specimens. The load-displacement curves and corresponding crack evolution micrographs were obtained simultaneously. The fracture characteristics and damage evolution behaviors of the two kinds of coating systems were compared. Figure 3 shows the measured load-displacement curve for the specimen with a coating thickness of 370 lm. The curve clearly shows a linear response up to the applied load of 105 N. The curve then shows nonlinear behavior due to the plastic deformation of the substrate and cracking in the transverse and interfacial directions of the TBC system. The small fluctuations in the curve correspond to the loading points at which the test was interrupted to take photographs. As each photograph was taken, the load dropped slightly without the change in displacement. The load was resumed and applied continuously after the photograph was taken. Figure 4 shows the corresponding fracture micrographs of the left part of the pure bending section of the specimen at four loading levels in the four-point bending test. Pictures of the cracks in the same visual field are presented for better observation of the crack evolution. The right side figures show the enlargement of some cracks for clear observation of the morphologies. The whole fracture process can clearly be summarized as following four stages. With increasing load, the normal stress in the top coat reaches the tensile strength, which leads to the initiation of the transverse cracks in the top coat corresponding to point A on the curve in Fig. 3 (see Fig. 4a ). The multiple transverse cracks rapidly proceed to saturation at load of 172 N, and the average crack spacing reaches 0.89 mm corresponding to point B on the curve in Fig. 3 (see Fig. 4b ). After saturation, the cracks pass through the top coat/bond coat interface and propagate in the bond coat. When the transverse crack tips are close to the bond coat/substrate interface and the cracks deflect and propagate along this interface at the load of 189 N corresponding to point C on the curve in Fig. 3 , these cracks are referred as local interface cracks (see Fig. 4c ). Finally, some adjacent interface cracks link up, which results in local spallation of the coating when the load reaches 216 N corresponding to point D on the curve in Fig. 3 (see Fig. 4d ). This phenomenon is similar to the results of previous reports. 10, 14, 24 Here, the four stages correspond to the initiation of the transverse cracks, saturation of these cracks, initiation of the local interface cracks, and occurrence of the local spallation. The first two stages are more important to evaluate the strength and damage failure rule of the coating systems. This is discussed in Theoretical Analysis. Figure 5 shows the measured load-displacement curves for different specimens. The trends of the curves for specimens with almost the same coating thickness were consistent with each other. However, the thin coating systems had a smaller load than the thick ones at the same displacement as well as a smaller slope of the linear section. The main reason is that the thick coating systems had a greater equivalent bending stiffness based on the bending theory for laminated beams. In addition, only local spallation of the coatings occurred, so the coatings could continue to bear the load. Figure 6 shows the fracture micrographs of the whole pure bending sections for S1 (i.e., thin coating sample) and S4 (i.e., thick coating sample) at the final loading points in the four-point bending tests. To facilitate clearer visualization, Fig. 7 also gives the side face and bottom surface micrographs for S1 and S5 (i.e., thick coating sample). The thin coating systems clearly had more transverse cracks, and the two kinds of coating systems both fractured by tensile instability at the pure bending sections. The main reason is that the pure bending sections had nearly no shear force; thus, it was not easy for the main interface crack to emerge. When the normal stress in the top coats reached the tensile strength, the transverse cracks were initiated. Local decohesion for S1 was not apparent compared to S4. This may partly be because thin coating systems have a greater interface cohesive strength, so the interface is not easy to debond. Figure 8a shows the load-displacement curve for sample S5, and Fig. 8b gives the fracture micrographs corresponding to the three points 1-3. The first two stages of the whole fracture process were considered to predict the damage and failure in the tensile failure state. The crack pictures of the same visual field are presented for detailed observation of the damage evolution process. The crack micrographs were obtained in real time and it show the initiation, multiplication, and saturation of the transverse cracks, just like previous reports. 14, 24, 25 Note that Fig. 8b only shows the left part of the pure bending section owing to the limited visual field. Actually, many pictures with different visual fields covering the whole pure bending section corresponding to each point in the curve were taken. The length of the transverse cracks was measured by an image analysis method to consider the damage because coating systems subjected to the fourpoint bending test are dominated by tensile failure. The calculation of the crack length corresponding to one loading point refers to all pictures covering the whole pure bending section.
In order to understand the thickness-dependent fracture characteristics and damage evolution behavior of the coatings with an applied stress, the bending theory for laminated beams was used to calculate the stress, the fracture energy rule was applied to explain the thicknessdependent crack spacing, and the catastrophic failure model was used to describe the damage evolution behavior and failure rule, as discussed in the next section.
Theoretical Analysis
The TBC system is simply treated as a two-layer beam comprising the coating and substrate, as shown in Fig. 1 .
h c Þ , and the curvature of the neutral plane can be determined by
. Here, E s and E c are the elastic moduli of the substrate and coating, respectively, and were measured to be E s = 200 GPa and E c = 18 GPa. M = Pl is the bending moment of the pure bending section, and I s and I c are the moments of inertia of the substrate and coating, respectively. EI ¼ E s I s þ E c I c denotes the equivalent bending stiffness with I s ¼ R n Àh s Àn by 2 dy and I c ¼ R h c þn n by 2 dy. With the tensile stress r ¼ E y q , the normal stress at the midpoint of the beams at the coating edge can be obtained by
. Then, Eq. (1) can be written in dimensionless form:
The load at the transition point from the linear to nonlinear response, which corresponds to the crack initiation of the TBC systems (see point A in Fig. 3) , was taken as the critical load P c to obtain the fracture strength r cr of the coatings based on Eq. (2). The ceramic coatings are inhomogeneous brittle materials, and defects including pores and microcracks are randomly distributed. Because the fracture behavior of the coatings is very sensitive to the defect distribution, the first 
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transverse crack initiates at different loading levels for different specimens, which leads to a scattered distribution of the fracture strength. Table I presents the fracture strengths of the coatings, which were about 125.3-155.9 MPa. The thick coatings were stronger. Table I indicates that the average crack spacing at the pure bending sections for the thick coatings (average: 0.86 mm) was greater than that for the thin coatings (average: 0.23 mm) according to the experimental results. According to the energy rule, the fracture energy of an elastic coating is equal to the surface energy of two newly formed surfaces. Thus, the fracture energy U of a coating can be calculated as
where
and N is the number of the transverse cracks. This can be counted based on the experiment micrographs. d and c are the average crack spacing and surface energy density of the coatings, respectively. Equation (3) can be changed to
Equations (3) and (4) indicate that the coating thickness is inversely proportional to the number of cracks and is proportional to the crack spacing when the fracture energy and specific surface energy as material constants and the other geometric parameters are fixed. This can provide a simple explanation for the fewer transverse cracks and larger crack spacing of the thick coating systems. Note that early cracks often initiate at some defects. The emergence of multiple transverse cracks is the main fracture mode, and tensile failure dominates the porous ceramic coatings at the pure bending sections. The transverse cracks saturate and propagate along the interface rapidly once the coating fractures. Therefore, the prestages of the local interface cracking should be considered to predict catastrophic failure.
Both kinds of coating systems fracture due to tensile instability at the pure bending sections, so the normalized transverse crack length is defined as the damage variable D ¼ transverse cracks at the pure bending section. The failure crack length L f and failure stress r f correspond to the point where the number of transverse cracks is saturated at the end of the second stage of the whole fracture process (see point 3 in Fig. 8a) . Then, the transverse cracks propagate along the interface, and the local interface cracks link up to lead to spallation of the coating. The components are then destroyed. The tensile stress r is calculated according to Eq. (2).
The fracture of brittle materials induces catastrophic failure, so the damage rate tends to be infinite at the catastrophic point. [28] [29] [30] [31] Then, we can obtain lim
If the controlling variable is continuous and derivative for the damage evolution of the system before catastrophic failure, we can use a Taylor expansion of the controlling variable at the catastrophic point to get
The damage variable D is calculated based on the crack length, as mentioned above. D f represents the complete damage corresponding to k f , D f = 1, and k f = 1 based on the above definition. k 0 (D f ) and k″(D f ) represent the first-and second-order derivations of the controlling variable at the failure point. By neglecting high-order terms (i.e., higher than second-order) and combining with lim
where the damage coefficient is C ¼
of one sample is determined by the initial crack length L 0 , and the corresponding initial tensile stress is r 0 . The normalized initial controlling variable is k 0 ¼ r 0 r f . By incorporating them into Eq. (6), we can acquire the damage coefficient C ¼ 1ÀD 0 ð1Àk 0 Þ 0:5 Therefore, the damage coefficient can be obtained as given in Table II based on experimental measurements. Equation (6) shows that the damage increases with stress and is completed when the stress 
Equation (7) shows that the damage increases sharply near the catastrophic point, which agrees with the power law singularity of the damage rate with the controlling displacement based on experiments involving the catastrophic rupture of rocks. 31 Figure 9 shows that the experimentally measured damage evolution (symbols) roughly corresponded with the power law function in Eq. (6) (curves) for the samples. The damage indicated a scattered distribution for different samples with almost the same coating thickness because the defects were randomly distributed in the brittle materials. The same results were indicated by the dispersed initial damage variables presented in Table II . In addition, the thick coating systems were damaged more quickly than the thin ones because the former (average: 1.39) had a greater damage coefficient C than the latter (average: 1.07). This is clearly indicated in Table II and agrees with the previous report on three-point bending.
28 Figure 10 shows the damage rate versus the normalized tensile stress of the two kinds of coatings based on the experimental data and Eq. (7). The damage rate of the coatings tended to become infinite as the tensile stress neared the failure stress. Figure 11 shows the logarithmic relation of the damage rate versus the normalized tensile stress. The damage rate presented a scattered distribution for different samples. Furthermore, the slope of the curves was À0.5, which indicates the power law singularity of the damage rate. The intercept of the curves in Fig. 11 is equal to ln (C/2) in terms of Eq. (7). Thus, the intercepts was greater for the thick coatings than for the thin ones based on Table II . It is reasonable that the thick coating is damaged faster because it is closer to a bulk brittle material, and the catastrophic characteristics are more obvious. The damage coefficient was determined from the initial damage and the initial controlling variables. Based on the definition, the different values for the thick and thin coatings may be related to the different residual stresses originating from the different thickness. The physical meaning of the damage coefficient will be further studied in the next work.
The experimental results obtained from the fourpoint bending tests agreed with the theoretical predictions (Figs. 9-11 ) based on the catastrophic failure model, similar to the three-point tests. 28 The difference in the two works was that the thick coatings were dominated by different stress failure modes, which led to different fracture characteristics. With the three-point bending tests, 28 shear failure of the interface dominated, and main interface delamination occurred for the thick coatings. With the four-point bending tests, however, tensile failure dominated, and multiple transverse cracks emerged in the pure bending case. Nevertheless, the damage rule was the same, and the damage evolution obeyed the power law relation with the same power exponent. The results of the present work validate the brittle damage catastrophic fracture model for coating systems regardless of the coating thickness, loading conditions, and stress state. Note that coats are usually used as high-temperature components, but the experiments here were carried out at room temperature based on the idea of equivalent thermal mismatch and mechanical energy (see Appendix). The thickness-dependent fracture behavior at room temperature is also important information and can provide a design guide for coatings. The fracture mode should help provide inspiration in studying high-temperature fracture mechanisms because in situ experiments at high temperature are difficult, and the mechanical parameters change at high temperature.
Conclusions
Experimental observation and theoretical analysis were performed to determine the fracture characteristics and damage evolution behavior of two kinds of TBC systems subjected to in situ four-point bending tests. The main conclusions can be summarized as follows:
1. The fracture process shows four stages with a continuously applied load: the transverse cracks first initiate and propagate in the top coat; they then multiply and become saturated; local interface cracks propagate between the bond coat and substrate; and finally, local spallation occurs when some adjacent interface cracks link up. The first two stages are important to evaluating the fracture strength and rule of damage evolution. 2. The fracture modes at the pure bending sections of the two kinds of coating systems are both dominated by transverse cracks. The average crack spacing depends on the coating thickness, and the crack spacing is greater for thick coatings. Fracture energy analysis related to the surface energy explains the thickness-dependent fracture characteristics. 3. The catastrophic failure model effectively describes the damage evolution behavior of the coatings. The damage rate shows a power law singularity and the thick coating systems are damaged more quickly than the thin ones. The experimental results for the two kinds of coatings were all consistent with predictions based on the model. According to experimental results at room temperature, r c = 160 MPa, E c = 18 GPa, a s ¼ 13:8 Â 10 À6 K À1 , and a c ¼ 8 Â 10 À6 K À1 are taken to calculate the temperature difference. The temperature difference is DT = 1533 K neglecting changes of the thermal expansion coefficient and elastic modulus with temperature, i.e., when the temperature difference reaches 1533 K, the stress of 160 MPa is caused in the coating.
